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The design of fractal Hilbert sensor is presented in this paper. The sensor is 
intended to detect partial discharge (PD) in transformer insulation. The 
fractal Hilbert sensor designed using 4 order fractal and etching on single 
layer PCB board. The Hilbert fractal type is chosen as this type of sensor can 
be built on smaller area compare to other types. The sensor overall dimension 
is limited to 5x5 cm as it is proposed to be use to detect the PD presence in 
transformer. The sensor sensitivity is tested using a closed type TEM cell. After 
the sensitivity of the sensor is tested the sensor then applied to detect the PD 
signals emitted by void PD defect model. The results show the sensor has 
sensitivity as high as 10 dB. The sensor also has capability to detect the PD 
signals generated by the PD defect source. The waveforms captured by the 
sensor show the sensors can capture high frequency pulse generated by the 
PD source.  
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I.  INTRODUCTION 
ransformer insulation system designed to be able to 
withstand all pressure, such as electric stress and 
mechanical during its designed time utilizing period. 
However sometimes, due to the insulation 
imperfection, such as defects might occur inside the 
insulation of the operated transformer although 
rigorous inspection already carried out during testing 
period before installing the transformer. After certain 
period of times at the imperfection spot, Partial 
Discharge (PD) can occurs due to the high electric 
stress which is above the inception PD voltage. If let 
grow over time, the PD can cause insulation 
deterioration which might lead to catastrophic failure of 
the transformer. Thus, the PD can be used as a 
prediction tool to examine the insulation deterioration.  
The PD event can be detected by the product resulted 
by the PD events, such as discharge current, sound, gas 
(due to chemical reaction), heat, light and 
electromagnetic signals. Partial discharge detection 
method by capture the electromagnetic signals is one of 
developed lately to detect Partial Discharge at 
transformer insulations [1]. Using appropriate sensor, 
the electromagnetic signals generated by the PD source 
can be detected and capture then recorded by using 
digitizer or oscilloscope. 
A.  PD detection on Insulation of the electrical 
equipment  
The presence of defect such as cavity or metal 
particle trapped inside insulation can cause high electric 
stress local. Such high local tress can cause local 
breakdown which is known as partial discharge. When 
discharge occurs, electric field will accelerate and 
decelerate electron which is in stationary condition 
beforehand. During the accelerate and decelerate 
process, electron produce time varying electric and 
magnetic field. The combination of the time varying 
electric and magnetic field than produce 
electromagnetic wave which radiated to any direction 
from the PD event location. 
The UHF PD detection method is known to have 
advantages over conventional PD detection methods. 
This is mainly due to the higher immunity of the UHF 
method to noise. As described before, the UHF method 
works in a frequency range of 300 MHz to 3000 MHz 
while the noise in a substation is primarily below a few 
T 
 Journal of Engineering and Scientific Research (JESR) – pISSN: 268-0338; eISSN: 268-1695 
 
Journal of Engineering and Scientific Research (JESR) Vol 1, Issue 2, December 2019                                            95 
 
 
MHz [2]. Thus, the UHF range is relatively noise-free, 
except for interferences from well-known 
communication sources such as digital TV/Radio and 
mobile phone.   
The UHF detection method has been widely used to 
detect the occurrence of PD sources in high voltage 
equipment, especially in Gas Insulated Switchgear 
(GIS). More recently, the UHF detection method has 
also been applied to detect PDs in power transformers 
[3, 4]. 
B.  UHF PD detection in transformer 
The transformer is one of the most important 
equipment items in electrical power system networks. 
Any failures that lead to transformer outage must be 
avoided. A correlation between the long-term partial 
discharge activity and the insulation failure has not been 
proven yet. However, it is believed that transformer 
failure is mostly due to failure in the insulation and this 
is usually started by the occurrence of partial discharges 
[5, 6]. Thus, it is important to assess the transformer 
insulation to establish the condition of the transformer. 
The presence of defects such as a cavity or a metal 
particle trapped in the insulation is undesirable. These 
defects will enhance the local electric stress and if it is 
excessive, local breakdown will occur which is known 
as partial discharge. During the discharge, the electric 
field will rapidly accelerate and decelerate electrons 
which are initially at rest. As a result of the time-
varying electric and magnetic fields, electromagnetic 
waves are produced and radiated outward from the PD 
source.  
UHF PD measurement has been shown to be 
effective in detecting PDs in GIS and is now 
increasingly being applied to monitoring the condition 
of transformer insulation [7,8]. One may wonder if the 
UHF measurement in GIS can be adopted and applied 
to power transformers. In GIS, PD pulse rise times can 
be as short as 50 ps [9]; but in power transformers, the 
fastest rise time is around 0.9 ns due to permittivity of 
oil higher than SF6 gas [10]. Nevertheless, pulses in the 
UHF range (300 -3000 MHz) will be excited for such a 
rise time [11]. Thus, UHF measurement can be adopted 
to PD measuring in transformers. 
 
II.  SENSORS TO DETECT PD IN TRANSFORMER  
The purpose of transformer monitoring extends from 
PD detection and recognition to PD localization. To be 
able to undertake UHF PD transformer monitoring, a 
sensor with capabilities to detect signals in the UHF 
frequency range is needed. For power transformer 
monitoring, the UHF sensor is inserted into the 
transformer tank to capture the electromagnetic waves 
emitted by the PD source. There are two ways of 
installing the sensor: via the oil drain valve [12] or the 
dielectric window [8]. The size of the oil drain valve 
imposes a constraint on the sensor dimension, while the 
dielectric window can be created with an appropriate 
size to accommodate the sensor. However, the 
placement of a dielectric window sensor needs an 
additional hole to be fabricated on the transformer tank. 
As for the oil valve sensor, this is not required because 
the sensor can be easily retrofitted into the transformer 
via the existing built-in oil drain valve [12]. 
Typically, the sensor is a monopole type. It can be 
inserted via the oil drain valve. The size of the sensor is 
usually limited by the diameter and length of the oil 
drain. A typical oil drain valve sensor size is 5 cm in 
diameter, and 10 cm in length [12]. The shape of the 
sensor can be a short monopole [12,13], plate, zigzag or 
conical [12,14] or any shape as long as it is able to be 
fitted to the drain valve. The sensitivity of this kind of 
sensor is affected by the depth of the sensor insertion 
[12]. The deeper the sensor is inserted, the higher the 
magnitude of the PD signals acquired. However, the 
sensor must not initiate breakdown due to the high 
electric stress at the tip of the sensor [8]. To reduce 
electric stress, the sensor can be encapsulated in some 
dielectric material [8].  
For a dielectric window, the sensors usually have a 
planar shape [8]. The sensor can be a micro-strip sensor 
[15-18], log-spiral, spiral [8,19] or fractal [20-22]. This 
kind of sensor is usually etched on the surface of a 
dielectric material, using the same process as in making 
electronic printed circuit boards (PCB). The sensor is 
etched on the PCB with dimensions proportional to the 
working frequency of the sensor. In 16, the 
miniaturization of the microstrip UHF antenna was 
discussed by applying an impedance matching 
technique. This technique can reduce the antenna 
dimensions to 5x5 cm for example. However, even 
though the antenna works in UHF range, the bandwidth 
is very limited. To increase the bandwidth, [17] 
designed a microstrip antenna using sandwich 
substrate. As a result, the frequency range of the 
antenna has a very wide range from 30 MHz to 3000 
MHz. However, to manufacture this microstrip antenna 
is not practical.  
Most of the measuring arrangements are unbalanced 
systems, i.e. the input to the measuring system is a 
coaxial cable which consists of a live input and ground. 
While planar sensors are usually crafted as a balanced 
system, an unbalanced system is also possible, such as 
a circular or single arm log-spiral or spiral. Thus to 
connect the sensor to the measuring system, a converter 
from balanced to unbalanced is needed. This connector 
forms part of the sensor and is called a balun.  
The antennae and measurement system usually have 
different impedances. The typical value for measuring 
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equipment is 50 ohms and sometimes also 75 ohms 
while the sensor impedance varies from a hundred to a 
few hundred ohms [20]. The balun, besides acting as a 
converter from balanced to unbalanced, is also used to 
provide impedance transformation between different 
impedance values. The balun design is based on the 
working frequency and the impedance difference 
[20,23]. Duncan [23] created a balun with a high 
frequency bandwidth which increased up to 100:1 using 
the tapered method. The balun is created by using a 
tapered coaxial with a specific diameter. The 
impedance transition is achieved by cutting open the 
outer wall of the coax so that a cross-section view 
shows a sector of the outer conductor removed [23]. 
This balun has a simple design and can use the regular 
coaxial cable. Also, the impedance transition is very 
smooth as a result of the tapered opening. However, the 
length of this balun is too long for practical application. 
Using a standard coaxial cable, for transition of 120 
ohms to 50 ohms over UHF frequency range (300 – 
3000 MHz), the balun can be more than 50 cm in length 
[24,25] which is impractical to apply in power 
transformers.  
To decrease the balun length, a material with higher 
permittivity [25,26] can be used. Using special high 
permittivity material, the balun length can be reduced 
to less than 10 cm [26] which is feasible in enabling 
connection to the sensor. However, it is more difficult 
to fabricate a balun using such a material. 
To date, advances in printed circuit board (PCB) and 
microwave integrated circuit (MIC) substrate have 
meant that the micro-strip balun design has become 
more popular. The balun can be created by etching the 
PCB surface to form a specific pattern. In [20] the 
micro-strip balun design is set with a frequency range 
of 0.1 GHz to 3.85 GHz. The overall length of the balun 
is only 46 mm by using a standard single layer PCB. As 
the impedance transitions use several stages, the 
transition is not as smooth as the tapered balun. 
However, this balun is much easier to fabricate, uses 
cheaper material [20] and is sufficient to interface with 
the antenna and the measuring equipment. 
In this paper discussed the design of fractal Hilbert 
sensor due to advantage of this type of sensor such as 
much smaller dimension [21] and also has higher 
bandwidth [22]. The sensor also can be easily fabricated 
on a single board PCB. As the fractal Hilbert sensor is 
a monopole type antenna, there is no need a converter 
when connected to a coaxial cable, which is needed for 
dipole antenna type.  
The placement of the UHF sensors to detect PD 
events in transformers is usually at fixed locations. The 
locations of sensor installation depend on the type of 
sensor and transformer construction, as described in a 
previous section. As the PD can occur in any location 
in the transformer, the electromagnetic signal path from 
the PD source to the sensor can be affected by the 
structure inside the transformer. The signal path is also 
affected by the density of the insulation oil in the 
transformer tank which can also be subjected to 
variations in temperature (caused by loading changes). 
In addition, the live active parts of the transformer can 
obstruct electromagnetic signals and cause signal 
attenuation whereby the signal becomes not linear to the 
distance. This will cause conversion of the signal 
magnitude detected by the UHF sensor to an equivalent 
pC level to become difficult [27]. 
Other also recommend that sensitivity verification 
for UHF method as a substitution for calibration. 
Sensitivity verification can be used on-site to determine 
the minimum sensitivity of the measuring system [28]. 
Although this recommendation is only for GIS, with 
some adjustment this method can also be applied to 
power transformers which use oil insulation. The 
sensitivity of the UHF measuring method is very 
dependent on the type of sensor, on the type of the PD 
defect, and on the location of the PD source [29,30]. 
 
III.  SENSOR FRACTAL HILBERT TO DETECT 
PARTIAL DISCHARGE 
Fractal Hilbert sensor can be constructed with 
smaller dimension compare to different type of sensor. 
This is mainly due to the nature of fractal Hilbert with 
its construction so the total length of the conductor is 
far longer with the similar area size. Figure 1 shows 
Fractal Hilbert pattern with similar area size but 
different conductors’ length. The length and wide of the 
sensor area can be easily adjusted to the requirement 
application. In this paper discussed the fractal Hilbert 
sensor with length and wide of the sensor as 5 cm. Dis 
dimension meet the criterion of the oil drain valve of a 








Figure 1. Fractal Hilbert pattern (a) similar size but 
different order and (b) Fractal Hilbert dimension 
(a) 
(b) 
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Sensor Hilbert parameters can be seen from Figure 
1.b. Fractal Hilbert sensor has a nearly symmetrical 
pattern with distance of every conductor strips are 
similar. After the length/wide of the sensor area are 





  (1) 
Where, L as the length/wide of the sensor, d is the 
conductor segments distance, and n is the Hilbert order. 
The higher s the n value the segment number is higher 
too.  
The sensor Hilbert order determined from the desired 
resonance frequency value. Usually for Hilbert sensor, 
resonance frequency must be higher than 300 MHz 
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Where, μ0 is the air permeability, λ is the wavelength, 
η is the intrinsic impedance, β is phase constant and k 
is an odd number which define the kth resonance 
frequency. The segment number m and segment total 
length s can be determined by: 
  𝑚 = 4𝑛−1    (3) 
  𝑠 = (22𝑛−1 − 1)𝑑  (4) 
Conductor width b can be calculated using the 
matching impedance equation:  






)    (5) 
The value of the matching impedance usually taken 
as 50 ohms, the impedance value of most laboratory 
equipment. Though impedance value of 75 and 100 
ohm also can be used. However, if the impedance value 
is different than the measurements equipment than a 
balun is needed to match and bridge the different 
impedance.  
The Hilbert fractal sensor has square dimension of 
5x5 cm. The sensor designed to work at the frequency 
range of 300 to 500 Mhz. This frequency range fall is 
chosen as the purpose of the sensor is to detect PD in 
oil insulated transformer. Full UHF frequency range 
(300 MHz – 3000 MHz) as usually use in GIS PD 
detection, might not needed as the PD signal in oil 
insulation has much lower than in GIS [33]. 
By applied equation 1 to 5, segment number and 
segment width of the fractal pattern are calculated. 
Then the pattern printed and etching on a single layer 
PCB board. The etching sensor pattern on a PCB board 
is shown in Figure 2. 
 
Figure 2. Fractal Hilbert etching on a PCB board 
The calculated results of the sensor dimension can 
be seen in table 1. The Hilbert order is 4, to limit the 
complexity of the sensor pattern thus to make sensor 
fabrication easier. 
 
Table 1. Calculated sensor Fractal Hilbert Dimension 
Sensor dimension 5 x 5 cm 
Conductor width  0.3 
Segment number 15 
Impedance 50 Ohm 
Order number 4 
 
IV.  RESULTS AND DISCUSSION 
A.  Sensor Sensitivity Test  
Sensor sensitivity test conduct by using TEM –cell 
with experiment arrangement is shown in Fig 3. The 
sensor placed inside the TEM cell connected to an 
oscilloscope. The input signals generated by pulse 
generator. The pulse generator also connected to the 
oscilloscope. The pulse generator is set to produce a 
step-pulse to imitate the high frequency generated by 
the PD pulse.  
The sensor showed high magnitude with oscillation 
up to almost 50 ns, which was caused by the length and 
structure of the fractal Hilbert being lengthy and 




Figure 3. Fractal Hilbert sensor sensitivity test 
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Figure 4. Typical Sensor response to step-pulse 
B.  Sensor to Detect PD signals 
The experimental setup is shown in Figure 5. The PD 
source and the sensor installed inside aluminum box. 
High voltage connection to a discharge source placed 
inside the tank was made via a high-voltage bushing. 
The fractal Hilbert sensor was placed inside the 




Figure 5. Experiment diagram of the sensor ability to 
capture PD signals 
 
Standard transformer pressboard was used to construct 
artificial PD defects. Cavity discharge was simulated using 
two flat electrodes separated by a stack of three layers of 






Figure 6. Typical of the recorded PD waveform (a and b), 
the PD signals captured by the fractal Hilbert sensor 
 
The PD signals capture by the Fractal Hilbert sensor 
are shown in Fig 6. The sensor shows capability to 
detect the PD signal and recorded using oscilloscope. 
The PD waveform produce by the PD defect model has 
a very high frequency as shown by the waveform with 
very high oscillation on short duration. Figure 6.a 
shows the PD has wider pulse thus longer time 
response, whilst PD pulse of the Fig 6.b has narrower 
pulse thus shorter time response. Nevertheless, the 
figure 6 shows that the designed fractal Hilbert sensor 
capable to detect the PD signal generated by PD source. 
Thus, these results justify the ability of the fractal 
Hilbert sensor to detect the PD signal. 
 
V.  CONCLUSIONS 
In this paper designed fractal Hilbert sensor with 
dimension of 5x5 cm. The sensor constructed using a 
single layer PCB. The designed fractal Hilbert sensor 
has high sensitivity with attenuation as much as 10 dB. 
The sensor also capable to capture the PD signals 
generated by void PD defect source.  
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